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Abstract

As a sustainable cooling technology, indirect evaporative cooling (IEC) has been widely
recognized as an effective means of achieving carbon neutrality based on its low energy consumption
and high efficiency in central air conditioning (AC) systems of buildings. In contrast to the
conventional arrangement, IECs as heat recovery units are often arranged in a diamond shape inside
the air handling units (AHUs) of data centers (DCs), an approach that facilitates the flexible use of
space and integration within the units in a more compact form. The use of CFD simulations allows
an integrated analysis of the coupling of hydrodynamic, thermal and mass properties helps to improve
the evaporation performance of IECs. In this study, a 3D simulation model of a diamond-shaped IEC
containing the water spray system was developed to compare and analyze the air-water arrangement
options in IEC systems currently used in DCs, and the corresponding characteristics are explored
from the perspective of CFD techniques to determine the effect of nozzle configurations on the
formation and evaporation of water film within the wet channels. Then, parametric analysis of nozzle
setup schemes based on performance metrics showed that the nozzle arranged in top-side
configuration and paired with the air-water counterflow form had the best performance, with 59.2%
and 27.4% improvement in water film coverage area and temperature drop, respectively, over the
worst scheme (bottom configuration) at a water supply flow rate of 65 L/s. Finally, the effectiveness
of the enhanced approach was simulated and analyzed for hydrophilic and fiber coatings, and it was
found that the water film coverage increased by 14.5% and 31.6%, respectively, while the coefficient
of performance (COP) increased by 7.4% and 16.1%.
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surface area, m’

drag coefficient

the diameter of the channel, m
specific exergy, J/kg

friction coefficient
gravitational acceleration, m/s?
height of the nozzle position,
mm

specific exergy

thermal conductivity, W/(m-K)
pressure, Pa

water flow rate, kg/s

Reynolds number

contact time

velocity, m/s

kinetic velocity, m/s

power, kW

the volume fraction of the phase
coverage ratio

longitudinal velocity, m/s
density, kg/m’

dynamic viscosity, kg/(m-s)
wet-bulb efficiency
effectiveness

Subscripts
/
P
s

w
wh

th

me
ch
in
out

Abbreviations
3D
AC
AHU
CFD
copr
DC
DPM
EWF
IEC
RH
RNG

latent

primary air

secondary air

wetted area

the whole area of surface
thermal

mechanical
chemical
inlet

outlet

Three dimensional

Air conditioning

Air handling unit
Computational Fluid Dynamics
Coefficient of Performance
Data center

Discrete Phase Model
Eulerian Wall Film Model
Indirect evaporative cooler
Relative Humidity
Renormalization group




1 Introduction

The growth in information demand driven by the Covid-19 pandemic involving global regions
and the rapid development of emerging 5G network technologies have led to a surge in demand for
cloud-based storage, data transfer and processing services across all industries [1]. Today, data
centers (DCs), the places where centralized electronic information equipment is built to operate, have
been scaled up at an unprecedented rate. Although the average power usage effectiveness (PUE) value
for DCs in Southeast Asia is lower than the global average, the region is experiencing the fastest
growth in the DC market[2]. In Hong Kong, the electricity consumption of the DC sector increased
by 10.3% in 2019, taking up 4483 TJ and 750 kilotons of carbon dioxide emission [3]. The average
PUE of the DC industry in Hong Kong is as high as 2.2 [4], which intensifies the power supply and
environmental issues. According to statistics [5], the DC consumes 30-50% of its total energy usage
towards cooling to maintain the reliable operations of high-density servers. The cooling solution for
DCs in Hong Kong mainly relies on active cooling systems such as Mechanical Vapor Compression
Refrigeration (MVCR) which is challenging the climate pledges [6]. Improving the PUE of DCs and
reducing carbon emissions with more energy-efficient cooling technologies is therefore essential,
especially for areas with limited free cooling resources located in hot and humid climates.

Owing to the high-power consumption of air conditioning (AC) caused by the uninterrupted
operation and year-round cooling of DCs, the use of natural cooling resources can help to reduce the
burden of DC frequency power supply, achieve long-term business sustainability and improve
competitiveness. Indirect evaporative cooling as a widely developed natural cooling technology can
transfer heat through the evaporation of water without a compressor thereby reducing the temperature
of the medium being cooled [7]. By absorbing the latent heat of vaporization, the secondary air is
brought into direct contact with water to complete the isoenthalpy and cool the treated air on the other
side of the plate to a lower temperature than itself [8]. Fig. 1 shows the system diagram of a typical
IEC for air-conditioning of DC. The water is sprayed into fresh air which is utilized as the secondary
air, and the humidity of supply air can be maintained without adding any moisture. The separated
channels of fresh air and indoor return air can avoid the cross-contamination to ensure the high levels
of cleanness required by DCs. Driven by only a circulation pump and two fans, the IEC provides a
promising and sustainable way to extend the period during which DCs can utilize natural cooling
resources.

h
Exhaust air + Fresh air

—

i

[EC
heat
exchanger

air
IT|{IT|IT|IT|IT IT|IT|IT|IT|IT

CRAH

Fig. 1. A typical IEC air-conditioning system of DC [9]

With the unique advantages in lowering PUE and cutting down the carbon footprint, the
application of IEC for DCs cooling solution has received worldwide recognition. DigiPlex air-to-air
indirect evaporative cooling technology takes advantage of Nordic atmospheric conditions and uses
low ambient air temperatures combined with the water spray system to maintain a comfortable
thermal environment in the DC. It enables a 30% saving in total power consumption in the DC



compared to the industry average, without loss of quality [10]. This solution can reduce total power
consumption by up to one-third by moving from an ordinary DC (PUE of 1.67) to a more energy
efficient center (PUE of 1.2) [11]. The German company DencoHappel has developed a unit with a
double plate-fin heat exchanger core in series, which extends the flow time of the return air within
the core and increases the contact area with the core walls, resulting in improved heat transfer
effectiveness for indirect evaporative cooling. The reason why the fresh air does not pass through the
condenser after heat exchange is that the cooling capacity carried by the fresh air is already fully
utilized inside the core [12]. This plate type double heat exchanger sprayed indirect evaporative
natural cooling AC unit is also used in T-block laboratory of Tencent in China, where the PUE tested
is less than 1.1, confirming the excellent system energy efficiency [13]. Huawei Linyi, a cloud
computing big DC radiating the economic group of southern Shandong and northern Jiangsu, has led
the market for cooling solutions for DCs by introducing a new generation of technology that integrates
IEC, heat recovery and mechanical cooling in an all-in-one system with an optimized structure. Its
application in Linyi Big DC shows an average PUE of 1.25 [14], which is 14% higher than the average
value in the same region.

With the widespread adoption of IEC technology in DC, a range of advanced IEC designs have
emerged that are more energy efficient. The dew point IEC developed by Maisotenko [15] in 2003
enables the pre-cooling of the secondary air and further reduces the output air temperature around the
dew point, and is also called M-cycle. The close proximity to the dew point, the small footprint and
the flexibility of the installation form, which can provide output air after wet cooling, are the main
research directions for evaporative cooling technology. The National Snow and Ice DC (NSIDC) in
Colorado adopted the M-cycle IEC, which resulted in significant energy savings by reducing the PUE
from 2.03 to 1.27 compared to traditional refrigeration systems [16]. Excool [17], a British company,
has developed a high-pressure spray plate type indirect evaporative cooling AC unit that utilizes
physically and chemically treated water atomized at high pressure to increase the contact area
between water and outdoor air, enhancing the cooling effect of water evaporation on outdoor air.
Besides, for an existing DC in Xinjiang, Guo et al. [ 18] presented a hybrid system made up of DEC,
IEC, and glycol free cooling technology. This system could realize free cooling around the year and
a peak yearly energy conservation rate of 73%.

As for the nature of IEC technology, the surface wettability of wet channels has been regarded
as a key element that affects the thermodynamic process of water evaporation and the heat removed
from the dry side to the wet side. To ensure the surface wettability of wet channels, considerable
efforts have been conducted including improvements to wet surface materials and water spray system.
The porous materials have been widely applied in evaporative cooling heat exchangers for
performance enhancement. A novel regenerative IEC prototype that combined heat pipe and porous
ceramic tube sections to the heat exchanger plates was put through testing by Boukhanouf et al. [19].
The measured wet-bulb efficiency of this device is 0.8, and its COP is 11.4. Applying flexible tube
nozzles fitted inside the wet channels, Al-Zubaydi et al. assessed the effectiveness of a novel IEC
with intermittent water spraying. The mixed mode increased cooling capacity by 25%, according the
data [20]. In addition, to clarify the effect of nozzle arrangement above the IEC system water
distribution and optimize the water system setup MA et al. proposed a spray distribution model for
IEC and studied the optimal centerline distribution scheme. Utilizing this optimized nozzle
arrangement scheme, the COP was increased by 16%, which illustrates the significance of a
reasonable nozzle arrangement [21]. A numerical model based on heat and mass transfer concepts
was developed and verified by Adam et al [22]. The optimal size that provides good efficiency was
derived from the findings from simulation results and serves as a guideline for the ideal operating
conditions to achieve high operating efficiency. In addition, he investigated distinct condensation



phases in the supply air channel and the effectiveness of the IEC under different phases, highlighting
the influence of wettability factors on the condensation state and specifying the circumstances for
operation required to achieve high efficiency [23].

Furthermore, two numerical methods frequently used in IEC model setups are the finite
difference method (FDM) and the finite volume method (FVM). For FDM models, various models
and optimization methods have been developed to predict the performance of IEC systems and to
establish the heat and mass transfer progress of IEC, taking into account different factors such as
incomplete wetting, inhomogeneous Lewis numbers, water temperature variations, the effect of
longitudinal heat transfer and new flow configurations [24,25,26,27]. Although exceptional
simulation results could be provided by the FDM model in a reasonable time frame, it can be
challenging to deal with 3D complexity and more complex hydraulic and thermal properties. On the
other hand, CFD, on which FVM is based, is a complex fluid analysis technique that can effectively
investigate the full range of thermal and mass transport processes by figuring out continuity,
momentum, energy, and species formulations and exploiting the rapidly evolving capabilities of
computer technology [28,29,30]. Table 1 briefly summarizes the comparison of existing models with
the present model, and it can be seen that for IEC, there is still a lack of convincing simulation models
of water spray systems to consider atomized droplets and the film formed on the channel surface.

Table 1 IEC model with FVM approach

Research  Dimensions Workbench  Characteristics

Renetal. 3D ANSYS Temperature, pressure, average Nusselt and Sherwood number

[30] FLUENT distributions, as well as other variables, were examined using
CFD models of the 3D heat and mass transfer process in a plate-
type IEC.

Cuietal. 3D ANSYS It was explained how a DPIEC is affected by the size of the

[31] FLUENT channel, the presence of physical ribs across the channel, and the

use of return air as working air. The wet surface was treated as
equally dispersed droplets rather than as a thin water coating.

Xuetal. 3D ANSYS The CFD environment was used to mimic IEC that removed

[32] FLUENT supporting guides. This cooler with unusual efficiency was
substantially higher than that of the standard cooler, allowing the
IEC size and starting cost to be reduced.

Youetal. 3D ANSYS The use of IEC with heat recovery from cool interior air was

[33] FLUENT investigated. This model was able to forecast the effects of
condensation given the local meteorological conditions.

Wanetal. 3D COMSOL Several inlet air characteristics were developed into empirical

[34] formulae for the heat and mass transfer coefficient in tropical
climates.

Shietal. 3D COMSOL Investigations were made on the steady-state non-uniformity

[35] distributions of temperature and humidity across the channel y-

direction. The effects of the geometric parameters and inlet
supply air characteristics were evaluated.




This 3D ANSYS The water spray system with falling film was combined in the

research FLUENT model for the diamond-shaped IEC. The coupling of
hydrodynamic, thermal and mass properties of each sector were
explored. The nozzle configurations were optimized, and energy-
saving performance was assessed.

Finally, based on the advantages of IEC technology as a green and sustainable cooling strategy,
there is still a huge potential for optimization in its application in DCs. Firstly, the critical heat
generation of servers requires large cooling systems with extremely high cooling capacity. As aresult,
large heat exchangers are required for IECs in DCs to handle the critical heat generation of servers,
which increases the challenge of achieving sufficient surface wetting over the entire plate surface
[36]. Secondly, large evaporative cooling units in DC systems usually result in high water supply
rates and thus increased pump power. In addition, continuous water circulation at high flow rates may
increase the risk of leakage and deteriorate the performance of the system. Therefore, a coupled model
of the water spray system and water film distribution for a diamond-shaped IEC is developed to
investigate the comprehensive effects of nozzle settings and airflow configurations on the wettability
of the IEC surface. Ultimately, the optimal nozzle setting is targeted and the improvement in energy
efficiency is further clarified in conjunction with functional coating optimization measures.

2 Methodology
2.1 Working principal of IECs

The IEC unit is composed of a plurality of completely isolated dry and wet channels for the
primary and secondary airflows respectively. When the IEC system is running continuously, the
nozzles located at the top would spray water droplets into the wet channels, thus forming the water
membrane on the wall surface. Then the secondary air makes contact with the attached water
membrane, the surface of the plate is cooled by the evaporation phenomenon that removes some of
the latent heat. Meanwhile, the primary air from the adjacent dry channels gets in touch with the
surface of the cold plate to achieve the cooling effect. During this period, the supply air can be cooled
in the dry channel without direct contact with water, thus achieving cooling in isohygroscopic
conditions. Fig. 2 exemplifies the enthalpy as well as humidity diagram of the IEC auxiliary air
conditioner, where the primary air in the dry channel undergoes an equal enthalpy cooling process
and the secondary air experiences a both cooling and humidification process. Therefore, the
secondary air completes isoenthalpic cooling from state point 1 to state point 4, which is
approximated as an adiabatic process. Meanwhile, the heat from the drying channel is transferred to
the secondary channel and the water at state point 4 continues to warm up and evaporate faster,
eventually reaching state point 3 [37].
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2.2 Description of the model geometry

Different from the conventional IEC placement (Fig. 3 (a)), IECs which installed as a heat
recovery unit in the AHU of DCs are often distributed in a diamond shape due to their compactness
and flexible arrangement, as exemplified in Fig. 3 (b). The baseline model was set up in the Space
claim unit embedded in the ANSYS work bench, and the coverage factor of the water film on the
surface of the wet channel will be taken into consideration as a major research aspect in this study.
For focused investigation, the model will be built assuming that the properties of water and air are
constant with the incompressible element and the plate of the IEC is adiabatic [38].
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Fig.3. Two types of IEC models set up in work bench
2.3 Mathematical bases of CFD approach

The following is a list of the control three types of conservation equations for momentum, mass
conservation and energy respectively.
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For the selection of turbulence mode, the Reynolds number of the air treated in this investigation
was the range of 5,000-13,000 with the water film less than 400. Therefore, the flow form of the
falling water film and treated air were laminar and turbulent respectively. Based on the reference of
Fluent user's guide [39], RNG (Renormalization group) turbulence model was chosen to simulate the
behavior of the fluid dynamics in the IEC. The controlling equations for the turbulent kinetic energy
as well as its dissipation rate could be determined as follows.
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Owing to the presence of evaporation in the wet channel of IEC, the phase change process
produces a degree of heat and mass transfer, hence the simulation needs to incorporate the species
transfer model formulated by Eq. (6). For the species transport, the description are as follows.

0 ~
ot (“qpqu.q) +V- (“qpquxk,q — agDyq ka,q) = Sigk (6)

The Volume of Fluid (VOF) model, which is originally the most widely used falling film interface
capture model has undergone a series of refinements and has matured since its development [40]. The
description equation for the volume fraction could be shown in Eq. (7).
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Based on solving Eq. (7) to acquire the volume fraction within each involved section, Eqs (8), (9)
and (10) illustrate that the associated thermal characteristics could also be determined.

p=ai1p1+ agpg (8)
W=yl + agly ©)
A= 0(1/11 + Olg/lg (10)

The DPM (Discrete Phase Model) will be used to simulate the operating status of the nozzles in
the IEC water system, including the trajectory of the spray droplets from being ejected, to falling into
the wet channel, to finally colliding with the wall or leaving the wet channel.

The trajectory of droplets can be determined based on a combined Euler-Lagrangian method by
solving the force balance equation written as Eq. (11).

d(Xy)
5 (11)

The movement description of a single droplet is described by Eq. (12).

d(m,F, _— =
%=FD+P}] (12)

For a circular drop, the drag force formulated by Eq. (13).

- s = 1=
Fa = —5 CopaD3V |7 (13)



The EWF (Eulerian Wall Film) model could be used to describe the process by which water
droplets in contact with the wet channel wall are trapped by the plate to form a thin water film attached

to the plate and flow down the plate, following the relationship of Egs. (14) and (15).

By suy =" (14)
ot P

Mg = APy, (15)

Finally, interfacial mass transfer also needs to be considered due to the phase change reaction

resulting from the evaporation of the liquid in the wet channel. In this process, the local mass transfer

coefficients as well as the total mass transfer coefficients are reflected by Eqs. (16), (17) and (18),
respectively.

h, =2 |28 (16)
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Based on the total mass transfer factor K, the mass source component and the energy component
at the phase surface could be determined by Eqgs. (19) and (20).

Sigr =K (dg —de)A (19)
m-1

Sg = Z Sigx Hig (20)
k=0

2.4 Simulation settings

The schematic diagram of IEC and computational domains are illustrated in Fig. 4. The whole
model is consisting of two domains to describe the direction and state of gas-liquid flow in the dry
and wet channels respectively. The finite control volume method could be applied to deal with the
control equations. Since gravity is not negligible, the weight-pressure discretization method is used
[41]. The SIMPLE method is applied for the pressure-velocity coupling and then the pressure
interpolation technique (PRESTO!) is used [42]. In the calculation domain for the wet channel, the
inlet and outlet of the secondary airflow are at a certain distance compared to the heat exchanger
prototype, allowing the nozzle model, which is located inside the external boundary of the heat
exchanger, to deliver a smooth spray into the wet channel. Therefore, the continuously fed spray
makes contact with the plate surface and forms a continuous film of water flowing along the wall lead
by gravity. The wet air flows beside the water film in a downstream, counterflow or staggered flow.
Since the differential temperature between the water membrane and the secondary air flow, heat
absorption by evaporation of the liquid occurs in the channel. The entire channel is the computational
domain of the cross-flow because of the asymmetry of the air flow and the water flow. On the other
hand, for the computational domain of the dry channel, the primary airflow enters from the upper
right and condensation occurs when the humidity is too high, then the airflow undergoes cooling and
dehumidification before leaving the dry channel from the lower left. The dimensions of all calculation
domains are 620 X 620 mm (L X H). As shown in Fig. 4, the grid size in the area close to the plate
surface should be fine enough in order to ensure a correct interface description. The mesh size in the
interface region is less than 0.1 mm.
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Fig. 4. Geometry, mesh and boundary conditions in simulations

2.5 Grid independence verification

To complete the simulation of the mathematical model, the base model created in Space claim
needs to be meshed. As the key point of this study is the water membrane that forms on the plate
surface when the spray droplets come into contact with the wet channel, the film is quite thin and
flows slowly down the wall surface by gravity. To accurately obtain the distribution of the film on
the surface and the flow characteristics, a fine size grid with a size of less than 0.1 mm was selected
in the area close to the plate surface. It is well known that the results of the model calculations will
be closer to the true value due to the increase in the number of meshes, and the mesh quality is higher
while the time cost of the program to run the calculation is also higher. Therefore, a reasonable
balance between mesh quality and computational time is required, and grid independence is verified
to select the number of meshes that are close enough to the exact value. For the air side, the velocity
of inlet primary air was set at 3.7 m/s, the absolute humidity was set at 10 g/kg, and the temperature
was determined as 35°C. For the water side, the water supply flow rate was selected to be 65 L/h. Fig.
5 compares the water membrane coverage factor on the wet channel wall and the primary air output
temperature for different grid quantities. It is clear that both evaluation parameters initially deviate
significantly with the grid mass and then level off at a grid number of 450,000. Thus, this grid
structure was selected for further simulations so as to maintain a balance between simulation accuracy
and processing time.
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2.6 Description of performance evaluation indicators

The water film coverage factor of the wet channel walls is considered as one of the important
components influencing the evaporation phenomenon as a valid reference for assessing nozzle

settings and is calculated as the ratio of wetted area to entire area, written as Eq. (21).
Ay

F=7 (21)
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The wet-bulb efficiency is selected for assessing the capacity of the IEC for handling sensible
heat. It is a metric used to quantify how closely the wet-bulb temperature of the secondary air coming
the channels at the inlet approaches the outflow primary air temperature, which is shown by the
equation Eq. (22) [43].

Ep = ip,in __ip,out (22)
p,in wb,s
By utilized the fresh air to pre-cool the supply air, the IEC lowers the cooling burden on the
mechanical cooling system. The extra power demands of the selected pre-treatment system, as well
as the power utilized by the cooler for conventional cooling and dehumidification of the supply air,
should be included in the entire energy consuming of the AC system coupled to the IEC. On the basis
of several basic definitions and descriptions of items, and applying the empirical equations of Shi et

al., the following equations can be used to figure out the energy consumption of an IEC [44, 45].

The energy demand of the fan is strongly influenced by the pressure drop, so it is essential to first
determine the pressure drop and then the total energy demand of the fan could be identified by
hydraulic calculation as follows:
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) (24)
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2Red,



Wean = AP x K (26)
fan = 3600 x 1000 X 1y X 74

The energy consumption of pumps, another component of IEC energy requirement, is usually
calculated based on a combination of gravity, height differences of nozzles and valves and the total
water supply flow:

M/pump = mwg(hgravity + hnozzles + hvalves) X K (27)

The COP value reflects the energy efficiency of cooling for different nozzle configurations by
measuring the relative proportion of the cooling capacity provided by the IEC to the entire energy
consuming of the system, and the determined formula is [46]:

Qp =myCpg(tpin = tpout) (28)

COP = C

= 29
Wfan + VVpump ( )

2.7 Description of exergy analysis

The determination of dead state conditions is significant for exergy analysis. A constant
atmospheric condition is frequently used as the benchmark environment [47]. Nevertheless, there is
still exergy accessible when the atmosphere is not completely filled with air. Water would be able to
spontaneously disperse into the unsaturated air and finally achieve saturation through such a moist
air process. As a result, the dead state in this essay is referred to as saturated outside air.

The exergy used to reach thermal, mechanical and chemical equilibrium with the atmosphere
during indirect evaporative cooling process can be written as [48]:

€ = ep t eme T €cp (30)

The combination of dry air and water vapor found in humid air makes it an ideal gas. The
following equation was developed by Wepfer et al. to represent the entire flow exergy of moist air
per kilogram of dry air [47]:

1+ 1.608w,

T
Exq = (Cppa+ wCpy) [T —To (1 - lnT_O)] +Ta [(1 +1.6080)In (m

)
) + 1.608wln—] (31)
Wo

The exergy balance for the basic heat exchanger is shown in Fig. 6. As there is no work being
produced for the reaction process of IEC system, the exergy balance for the IEC is determined as
follows [49]:

(mieq +my ey q) = (Mpeyq +maes ) +1 (32)

Consequently, the exergy efficiency of the IEC is depicted as:
I

- (mie1q +myiew;)

Ne =1 (33)
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Fig. 6. The schematic diagram of exergy analysis

3 Model validation
3.1 Validation of the water spray system

The accuracy of the CFD model developed in this research for a diamond-shaped IEC is verified
based on a comparison and analysis of the simulation data with the field trial data in the literature by
De Antonellis et al [50]. In the experiments, the fluctuation of the wet-bulb efficiency of the diamond-
shaped IEC (TOP/SIDE configuration) was investigated when the water spray flow rate was varied.
The temperature drops at the supply air outlet compared to the inlet at different flow rates was
compared under the fixed inlet air characteristics, heat exchanger geometry and heat transfer
coefficients provided in the literature. According to Fig. 7, the trend of primary airflow temperature
drop with water supply flow is the same in both sets of data, and the maximum difference is less than
10%, hence the CFD model fits the water system and temperature drop to the required degree.
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3.2 Validation of Film thickness

As was noted in section 2.3, the main form of downward flow of the water film formed by the
aggregation of liquid droplets inside the IEC wet pass due to gravity is wavy laminar flow. The
average membrane thickness of the Nusselt-based liquid film theoretical laminar flow could be
determined by the analytical equation of the film, as shown in the following equation [51],

3v,,Re, \/3
5W:(M> (34)

g
This section compares the average membrane thickness values derived from this simulation
model with the estimated results of the preceding analytical equation, and the outcomes are displayed
in Fig. 8, with the purpose of confirming the accuracy of the suggested CFD model in terms of flow.
It is obvious that the simulated results and the estimated outcomes of the empirical equation
correspond well. Therefore, it is accurate to simulate the water film flow formation in the IEC wet
channel using the current model.



0.7

¢  Film thickness
+0.1 mm
0.6 |
S
£
®
% 05
*
)
o *
Soal ¢
I ®
=}
£
n
0.3
02 " " 1 " 1 " 1 "
0.2 0.3 04 0.5 0.6 0.7

Simulation results (mm)

Fig. 8 Validation of film thickness between simulation results and Nusselt empirical formula

3.2 Validation of IEC system

To gain a fuller understanding of the precision of the model in foretelling the performance of the
overall IEC system, tested data from an IEC combined with AHUs set up at a printing facility in Hong
Kong was also considered for validating. In this project, the IEC was made of aluminum sheets with
a thickness of 0.5 mm, and a total of 90 channel pairs of fresh air and return air were placed in a width
of 0.8 m space. By referring to the fresh air demand of 3312 m?/h, the area of each heat exchange
plate is designed as 0.384m? with a dimension of 0.62 m X 0.62 m. The total heat exchanger area of
this IEC is 69.1 m?.

To collect the operation and performance data of the IEC system for performance analysis, a data
monitoring system. A variety of kinds of senders are required to transmit real-time measured data to
a data logger and Table 2 lists the specific parameters of these instruments. The data measured by these
transmitters was collected in every 5 minutes.

Table 2 Specifications of the test parameters

Sensor Parameter Range Accuracy
T&R Transmitters Temperature, -10-60 °C 1 0.25% °C
Humidity -15-95% RH + 2.0% RH
AP Transmitters Air velocity 0-15 m/s + 1%

With the purpose of identify the reliability of the test results, the uncertainty introduced by the
errors of the quantified instruments used during the experiment needs to be analyzed. The method
Eqgs. (35) and (36) for calculating the uncertainty of the measurement equipment and the experimental
factors according to the error analysis guidelines provide how to calculate the uncertainty of the
measurement equipment and the experimental factors respectively [52, 53].

U = f(xq,x3,X3, .., Xp) (35)
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On the account of the accuracy data of each testing equipment arranged in Table 1, the uncertainty
of the wet-bulb efficiency by the experimental assessment criteria is 2.47%.

The initial parameters of field test were applied in the simulation model as well. The experiments
were conducted under the following conditions: t, = 35 °C, RH,, = 50%, u, = 2m/s, ty = 24 °C,
RH; = 60%, u;, = 1.5m/s,s =4mm, H = 0.5m, L = 0.5 m. Fig. 9 reflects the comparison of the
simulated results of wet bulb efficiency with the experimental results, and according to the results it
was found that the deviations of these points are within 10%, and the maximum difference is 8.6%,
Consequently, the proposed CFD model is proved acceptable for subsequent research.
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Fig. 9. The model verification results based on the outlet temperature of primary airflow
4 Effects of nozzle configuration on cooling characteristics

To improve the performance of the IEC as a heat recovery unit for AHUs in DCs and determine
the optimal nozzle design for the diamond-shaped IEC, this section presents a comprehensive CFD
analysis of the air-water configuration, including the installation position of the nozzles and the
direction of the airflow relative to the water flow.

4.1 Four schemes of nozzle configuration

On the basis of the literature summaries and surveys of actual AHU heat recovery devices in DCs
with taking into account the installation space with flexible arrangement of IECs, the common nozzle
setting configurations can be summarized into the four types illustrate in Fig. 10, namely upper side
configuration, lower side configuration, top configuration and bottom configuration. Moreover,
previous studies on the heat and mass transfer of IECs have demonstrated that the counterflow
configuration results in stronger evaporative response in the wet channel compared to the co-current
flow configuration. This is because the secondary air and water streams in the wet channel are in
contact with water more fully and for a longer period of time in the counterflow case. Therefore, this



section analyzed the performance of four nozzle configuration options founded on the premise of air-
water reverse flow, and the superior option would be determined through systematic analysis.

HOK

(a) Top configuration (b) Bottom configuration
(c¢) Upper side configuration (d) Lower side configuration

Fig. 10. The schematics of the four nozzle configurations

4.2 Performance evaluation of different nozzle configurations
4.2.1 Determination of the nozzle parameters

In advance of comparing different nozzle system setup scenarios, the water supply flow rate
should be determined when the water film attached to the wetted channel wall tends to be at the
maximum wetting ratio. According to the experimental data of De Antonellis et al., the trend of IEC
wet-bulb efficiency with water supply flow rate can be derived as shown in Fig. 11 [54]. In general,
the wet -bulb efficiency of diamond-shaped IEC usually grows with the increase of water supply flow
rate and stabilizes at a maximum value when the flow rate arrives 65 L/s, thus 65 L/s is determined
as the simulated flow rate value.
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Besides, with reference to the previous study on the uniformity of spray distribution, a full cone
nozzle with an outlet diameter of 2.4 mm was used as the subject of this paper on the water film
coverage [21]. Similarly, since this type of nozzle achieves the most ideal spray distribution at a spray
cone angle of 45°, this operating parameter is also applied in the simulation of this research. In
addition, according to the actual design instructions and previous studies have proven that the nozzle
flow rate, pressure, droplet diameter and spray cone angle are interrelated factors. The main
characteristic equations of the nozzle are as follows. According to Lefebvre and McDonell, the
theoretical parameters of spray can be calculated as Equation (37), (38) and (39) [55].

_ 2AP\%°
then = pAo (—-) 37)
p
d = 9.5d,;/(AP;sin(a/2)) (38)
D —0.484
2a = 334.32K 0165 (D—S) W,-043Re 0065 (39)
o

Therefore, it is clear that after the spray cone angle and flow rate are determined, the remaining
parameters can be specified as shown in Table 3. Water supply temperature that is the temperature of
liquid water at room temperature 20°.

Table 3 The specifications of the nozzle

Nozzle type  Orifice diameter Volumetric flow Rate Pressure Spray  Water
(mm) (L/s) (bar) angle  temperature
©) (°C)
Full cone 24 220 1.5 45 20

Finally, for the smooth operation of the wet channel simulation and the subsequent further
comparison of IEC performance, the air and water conditions of the IEC need to be identified first,
with the following parameter conditions:



t, =35°C, RH, = 50%, u, = 2m/s, t; =24 °C, RH; = 60%, u; = 1.5m/s,s=4mm, H =
0.5m,L =05m

4.2.2 Comparison of four configurations on water film coverage

Fig. 12 depicts the simulated water film coverage levels within the IEC wet channel for each of
the four scenarios with different nozzle configurations.

For the horizontal configurations (top and bottom), the distribution pattern of the water membrane
in the wet channel is similar to that of the conventional IEC (square), with minor differences due to
the direction of the secondary air flow since a change from the conventional reverse flow to a 45°
direction of flow. Furthermore, on account of the characteristics of the diamond-shaped IEC under
study, the horizontal configuration, although providing a good flow of water film, concentrates the
water film more on the side with the position of nozzles installation, while the plate surface near the
primary airflow outlet is not sufficiently wetted. This disadvantage is even more serious in the bottom
configuration of the nozzle scheme. As a result of the inevitable gravitational forces, the nozzles need
to be set at a higher water pressure in order to deliver the spray droplets into the upper part of the wet
channel. However, when the spray pressure is too high, the droplets tend to atomize making it difficult
to form a water film in contact with the walls. Therefore, for the lower configuration, the water film
is not uniformly distributed in the upper left side of the diamond-shaped IEC, and is subject to the
gravity factor even if the right side of the heat exchanger where the nozzle is set is not sufficiently
wetted.

For the side configuration of the nozzle, IEC wet channel wall water film distribution of
uniformity and coverage compared to the forward configuration is better, whether the nozzle with
upper or lower installation. In the case of nozzle for the side on the configuration, the overall
distribution of water film tends to spray direction, that is, 45°. At the same time, the water film is
affected by gravity and slips along the vertical direction when it comes in contact with the wall, thus
the water film is more uniformly distributed and covers a wider area. Likewise, as a consequence of
the direction of the nozzle spray, the upper right side of the wet channel is also mostly covered by the
water membrane. In contrast, the lower side of the nozzle configuration produces a narrower water
film. However, again, due to the direction of the water spray, the comprehensive water film
distribution performance is still better than the vertical installation of the nozzle in the case of
downward flow of the water film.
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(a) Top configuration (b) Bottom configuration



(c) Upper side configuration (d) Lower side configuration

Fig. 12. The water film distribution of the four nozzle configurations

4.2.3 Comparison of four configurations of temperature distribution

Fig. 13 illustrates the temperature distribution states within the IEC primary airflow channel for
four different nozzle configuration schemes. It is clear that the degree of temperature drop in the
primary airflow temperature within the dry channel is closely related to the percentage of water film
coverage within the wet channel. Among them, the IEC with nozzles in the upper side configuration
can achieve the minimum outlet temperature of the primary air, and the magnitude of temperature
will be significantly more intense and compact inside the heat exchanger channel. This is due to the
most intense evaporation process inside the wet channel and the most pronounced cooling effect of
the heat exchanger plate, with the primary air being correspondingly more fully cooled in the dry
channel. Conversely, the nozzles in the bottom configuration have the worst temperature drop for the
same environment and energy consumption due to the most inferior wetting rate.
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Fig. 13. The primary temperature distribution of the four nozzle configurations

4.2.4 Comparison of configurations of axial characteristics

On the basis of the relative flow directions of the water film and the airflow, the four nozzle
configurations could be grouped into two main categories, respectively, the upper and lower spray
forms. Therefore, in this section, the upper and lower side configurations are selected as
representatives for the water flow and temperature distribution on the plate surface in the thickness
direction. The results of this model are allowed to investigate the state of water film formation and
the effect of heat mass exchange within the wet channel, as depicted in Fig. 14. Surface tension,
gravity and viscous forces all contribute to the flow of the water film. In the initial stage, the water
film forms higher thickness in the upper part of the channel section due to surface tension and viscous
forces. Due to gravity, the velocity of the water film increases, resulting in the formation of a
continuous film on the surface of plate. In addition to the uniform basic characteristics of water film
formation, it is clear that by comparing the results of water film distribution between the two water
distribution methods that the installation position of the nozzle affects the state of the film formed. In
this case, the upper side configuration yields a smooth and diffuse continuous water film, while the
lower side configuration results in a partially thicker water film and incomplete water film coverage
due to aggregation from uneven gravity distribution.

(a) (b)
(a) Upper side configuration (b) Lower side configuration

Fig. 14. The film formation of two configurations



Besides, the effect of heat and mass transfer on the water vapor content and channel temperature
could also be easily analyzed. As shown in Fig. 15, the water vapor concentration in the secondary
airflow in the wet channel of the upper side configuration is significantly higher than that in the lower
side configuration. The mass transfer process between the water membrane and the airflow is
smoother and faster, and the final water membrane transfers more mass to the airflow as a result. This
is owing to the thinner and more uniform distribution of the water membrane covered on its plate

surface.
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Fig.15. The water vapor content distribution of two configurations

Correspondingly, Fig. 16 shows the temperature trends inside the wet channel for each of the
two scenarios. It is clear that the temperature drop is stronger for the upper side configuration,
reaching an average value of 25.5 °C at the outlet, while for another one it is 26.8 °C. Such a result is
based on the principle of IEC operation, where the evaporative heat absorption by the water film
allows the secondary airflow to transfer heat to the water film thus achieving the desired temperature
drop of the airflow. Corresponding to the upper analysis, the temperature drop is the same as the
increasing trend of water vapor concentration. Furthermore, it is evident that the film temperature
does not change due to the heat absorbed from the airflow.

l 3.040e+02

3.033e+02
- 3.026e+02
- 3.019e+02
- 3.012e+02
- 3.005e+02
- 2.998e+02
- 2.991e+02

2.984e+02
I2.9778+02
) 2.970e+02
Ll
(a) (b)




(a) Upper side configuration (b) Lower side configuration

Fig. 16. The temperature distribution of two configurations
4.2.5 Specific gaps in the four configurations

Moreover, Fig. 17 summarized the specific values of the water film coverage coefficient and the
primary airflow temperature variation along the wet channel surface for the four cases. Obliviously,
the temperature drop in the primary airflow typically follows the same trend as the water film
coverage coefficient of the wet channel. The best results are achieved in the upper side configuration,
while the water film coverage ratio and temperature drop are 0.76 and 24.1°C, respectively, with a
59.2% and 27.4% improvement compared to the worst configuration directly. In addition, a small
expansion of the wetted area at such low wetting rates also leads to a relatively high temperature rise,
while further optimization is no longer apparent when wetting is already more uniform and close to
the maximum.
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Fig. 17. The coverage ratio and outlet temperature of four configurations

5 Approaches for cooling performance enhancement
5.1 Performance enhancement by hydrophilic coating

The wettability of the plate surface inside IEC wet channel is determined by a combination of
nozzle configurations and plate surface characteristics, while the contact angle is a crucial parameter
for affecting the wetted area by water on a certain surface. In general, the three-phase equilibrium of
the gas, liquid, as well as solid phases in the measuring environment determines the contact angle
value. The interfacial tension of the water phase and the surface energy of the solid phase are what
determine the contact angle, thus decreasing the interfacial tension of the liquid or rising the surface
energy of the solid surface could enhance the wetting ratio of the descending film. Previous studies
have shown that the addition of a new hydrophilic coating to the IEC wet channel surface can reduce
the contact angle between the droplets and the heat exchanger plate surface, thus improving the
uniformity of droplet distribution. Therefore, this section will further investigate and analyze the wet
channel using standard epoxy resin coating and IEC with well-dispersed hydrophilic coating,
respectively.



Firstly, the contact angles of the wet channel walls of IEC with conventional epoxy resin coating
and new hydrophilic paint were determined to be 77.8° and 57.8°, respectively [56]. Then, the contact
angle of the additional hydrophilic coating was applied as the initial setting parameter of the heat
exchanger wet channel wall boundary by EWF setting in the simulation of the CFD model proposed
in this study. Fig. 18 (a) demonstrates the water membrane distribution on the plate surface of the
IEC wet channel with a coated counterflow arrangement. There is no doubt that the shrinkage of the
descending membrane on the plate surface of the IEC wet channel is significantly reduced for a 20°
reduction in contact angle, with a relative increase of 14.5% in water film coverage from 0.76 to 0.87.
Correspondingly, the evaporative heat absorption phenomenon of the secondary airflow in the wet
channel is also more adequate as exemplified in Fig. 18 (b). Consequently, the temperature drop
response of the primary airflow is also greater, from 24.1°C to 22.4°C, a relative increase of 7.4%.
The improvement mechanism of the hydrophilic coated IEC is based on optimization for the contact
state of water droplets and heat exchanger walls thus expanding the contact area and mass transfer
area within the water film and the secondary airflow, the area of water in contact with the surface of
the plate rises while the area available for evaporation of the water spray film is also enhanced. The
end result is an increase in IEC wet-bulb efficiency and an overall increase in heat exchange capacity.
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Fig. 18. The performance improved by hydrophilic coating
5.2 Performance enhancement by fiber coating

With the aim of improving the poor wetting of conventional aluminum and polymer IECs, another
proven method is the proposal to attach a fiber coating to the walls of the IEC in order to enhance the
wetting circumstances through its great water diffusion. The results showed that the fiber coating
considerably improved the wetting conditions, with a contact angle of 0° between the spray droplets
and the wall surface, and that the water film distribution as well as wetting rate on the surface of the
plate were optimized [57]. The outlet air temperature of IEC can be left unaffected by the enhanced
thermal resistance of the fiber covering when running in totally wet conditions. Maintaining the wet
channel surface wetness is therefore a necessary condition for the use of fiber coatings. Additionally,
to increasing surface wetness, the fiber coating has water conservation properties that make it possible
to apply water spray for IEC intermittently.

Consequently, the ratio of water film coverage simulated in the IEC model based on the fiber
coating can be considered as 1. Fig. 19 (a) elucidates the water membrane distribution in the diamond-
shaped IEC wet channel with the additional fiber coating. Undoubtedly, with a contact angle of 0°
and no water film shrinkage, the water film almost completely covers the heat exchanger wall from
top to bottom, which is a 31.6% improvement compared to the original [IEC with aluminum plate. In



addition, the temperature drops in the primary air indicated by Fig. 19 (b) is greater, from 24.1°C to
20.7°C, a relative increase of 16.4%. The improvement mechanism of the fiber-coated IEC is
manifested in two ways: first, the distribution of the water film in the wet channel benefits from a
more uniform distribution of the diffusion phenomenon of the fiber material than that of the
hydrophilic coating; second, the water retention capacity of the fiber material ensures the possibility
of indirect water injection, thus achieving lower power demand of pump and higher COP of IEC
system.
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Fig. 19. The performance improved by fiber coating
5.3 Assessment of the degree of enhancement

Comparing the performance of the original solution with that of the two performance
enhancement solutions, it is apparent that from the Fig. 20 (a) both the hydrophilic coating applied to
the wet channel walls and the additional fiber coating increase the wetting ratio of the walls by
decreasing the contact angle between the droplets and the wall surface. In addition, the fiber coating
increases the diffusion rate of the water film compared to the hydrophilic one, thus achieving a
wetting ratio close to 1, which is regarded as complete wetting. Accordingly, as shown in Fig. 20 (b),
when the wetting rate is increased, the wetted surface of the wet channel has a larger contact area
with the secondary air flow, the evaporation and heat absorption reaction is more intense and the
temperature drop on the surface is more dramatic. As a consequence, the wet-bulb efficiency of the
IEC was optimized for both the increased hydrophilic and fiber coating on the plate surface, by 5.7%
and 14.5% respectively. Moreover, on account of the water conservation capacity of the fiber coating,
which allows for indirect spraying, the energy requirement of the pump is reduced, resulting in a
further increase in the COP value of 16.1%. Furthermore, due to the improved cooling capacity, the
exergy efficiency of the diamond-shaped IEC with additional enhancement coating has been
improved by 24.2% and 33.7% respectively without any other external energy consumption. Thus,
the enhancement of the wetting ratio of the IEC wet channel by a functional coating, thus enhancing
the evaporative heat absorption process, is always an effective way of heat transfer enhancement.



Coverage
ratio

T T T 90 T T T 15
[ | Coverage ratio -~ [ | Wet-bulb efficiency]
—=— Contact angle 180 e [ | Exergy efficiency
1.0 1 o —=—COP
.- 17 2 4 14
\\ D
08} {60 o~ 3
[0} 413
150 o &5 / o
=06 S > o)
o e (@]
{40 3 c
£ S ./ 112
0.4 - 30 8 % /
E=]
120 a ] 411
02} 2
\ 410 2
0.0 . . . 0 10
Original Hydrophilic coated Fiber coated Original Hydrophilic coated Fiber coated
(a) Effect on coverage ratio and contact angle (b) Comparison of the three performance indexes

Fig. 20. The performance comparison among original, hydrophilic coating and fiber coating

6 Conclusions

The purpose of this research is to develop a CFD model to investigate the air-water flow, heat
and mass transfer capabilities of a diamond-shaped IEC with the water spray system. By incorporating
theoretical principles, computational domains, model verification and parameter analysis, the optimal
nozzle configuration and performance were discovered. Several enhancement strategies, including
hydrophilic coating and fiber coating, were also proposed. The enhancement of wet-bulb efficiency,
exergy efficiency and COP value with characteristics as well as enhancement mechanisms were
explained. The following is a summary and list of some concluding remarks:

1)

2)

3)

4)

With the IEC at a lower flow rate in the water supply system, the water film coverage reflects
a more significant expand with the increase of the flow rate. However, when the water supply
flow rate arrives 65 L/s, the water membrane coverage gradually stabilizes at the maximum
value, and further increasing the flow rate does not benefit the wetting rate excepting
increasing the power consumption of the pump.

Due to the nature of the IEC heat transfer mechanism, its performance is largely influenced
by the surface wetting coefficient. For the diamond-shaped IEC, the nozzles are installed as
upper side configuration when the water film distribution area in the wet channel is the largest
and the temperature drop is the best, with 59.2% and 27.4% improvement over the worst case,
respectively.

Benefit from the addition of hydrophilic coatings on the plate surface of wet channels, the
contact angle between the water droplets and the plate surface is reduced, thus weakening the
shrinkage effect of the water film, resulting in an increase in the water film coverage.
Compared with the conventional aluminum plate IEC, the water film coverage and COP are
increased by 14.5% and 7.4%, respectively.

Moreover, the diffusion-based properties of the fiber coating in addition to expanding the
wetted area also make intermittent spraying of IEC possible, thus reducing the power
consumption of the system. Compared to the initial solution, the water film coverage increased
by 31.6% and the wet-bulb efficiency of IEC improved by 16.1%.
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